The microvascular endothelium has been postulated to be a critical target in the rejection of vascularized aliografts. This study was undertaken to examine the ability of human sheep erythrocyte rosette forming lymphocytes (E-RFC) to form stable conjugates with microvascular endothelial cells (EC), and to assess whether a receptor-ligand interaction mediates this event. Human foreskin microvascular EC monolayers were used as targets of chromium-51-labeled E-RFC in a quantitative adherence assay. Binding was saturable, displaceable by unlabeled E-RFC, augmented by recombinant interleukin 1 (riL-1) and inhibited by anti-LFA1 antibody. The Leu-11+ lymphocyte subset, known to be enriched for natural killer (NK) cells, bound preferentially. Only the EC-adherent lymphocyte fraction contained NK effectors, which lysed EC and classical NK targets. Thus, NK cells adhere to microvascular EC via a specific receptor-ligand interaction. The possibility exists that such binding occurs in recipients of vascularized allografts, representing the initial stage of graft rejection.
Introduction
The mechanism whereby vascularized allografts are rejected remains incompletely understood. T lymphocytes of the helper/ inducer as well as cytotoxic phenotype have been variably implicated as effectors in the rejection process (1, 2) . Other studies have demonstrated the early localization of natural killer cells in acutely rejecting allografts (3) . Additional controversy surrounds the target molecules for this process. It is generally believed that major histocompatibility antigens provide the most potent stimulus for acute rejection. However, rejection episodes can occur in HLA identical, living related donor allografts (4) .
The vascular endothelium constitutes a contiguous barrier to circulating immunocompetent cells, as well as the initial site where host lymphocytes can potentially interact with major histocompatibility antigens of donor origin (5, 6) . Endothelial cell (EC)' injury has been noted histologically several days before functional rejection (7) , with inter-EC gaps progressing to microvascular EC disintegration. It is conceivable that adhesion of lymphocytes to the endothelium may be the first step in the cascade of events leading to allograft rejection. Lymphocyte traffic into lymphoid organs appears to be regulated by binding to specialized receptors on high endothelial venules (8, 9) . However, little is known regarding the interaction between lymphocytes and capillary endothelium outside of lymphoid organs. Human umbilical vein EC have been used as in vitro targets of lymphocyte binding (10, 1 1) , and although varying degrees of lymphocyte-EC binding have been demonstrated, the specificity and molecular basis of this interaction have not been extensively studied.
In this study, we utilized monolayers of microvascular EC as targets of lymphocyte binding in an attempt to investigate whether stable lymphocyte conjugates can form in the absence of exogenous factors. The results indicate that such conjugates can indeed form and that their formation is mediated by a specific receptor-ligand interaction. Moreover, the results demonstrate a preferential and displaceable binding by natural killer (NK) cells to microvascular EC.
Methods
Microvascular EC culture. Stable cultures of human microvascular EC were established as previously described ( 12) with several modifications. Fresh discarded preputial skin from randomly selected anonymous newborns was initially incubated in Hanks' balanced salt solution with 400 U/ml penicillin and 400 1Ag/ml streptomycin. The outer and inner layers were then separated with sharp dissection and the inner layer incubated for 1 h at 370C in a 0.3% trypsin, 1% EDTA solution. The epidermal layer of the dermis was then gently separated and the remaining dermis massaged to extrude the microvascular EC. The resultant cell suspension was centrifuged at 1,000 rpm for 5 min and resuspended in EC culture medium consisting of Iscove's modified Dulbecco's medium (IMDM), 200 U/ml penicillin, 200 ,g/ml streptomycin, 20 ,g/ml gentamycin, 2 mM glutamine, 5 X l0og M 2-mercaptoethanol, 5 X 10-4 M dibutyryl 3'5'-cyclic adenosine monophosphate (Sigma Chemical Co., St. Louis, MO), 3.3 X 10-s M isobutyl-methylxanthine (Sigma Chemical Co.) and 10% human peripartum serum. The suspended cells were then plated onto 35-mm plastic dishes (Miles Scientific, Naperville, IL) that had been coated with 2% gelatin. The cultures were expanded when confluence was achieved and utilized for functional assays within the fifth passage. (17) allowing the separation of freshly isolated E-RFC into Leu2+, Leu3+, Leu8+, and Leu 1 + subpopulations by using the respective antibodies. Subset purity was determined by indirect IF staining using the mAb with which the cells were panned. By these parameters, all subsets had a purity of > 90%.
To obtain large granular lymphocyte (LGL)-enriched populations, which are also enriched in functional and phenotypic NK cells (18), monocytes were removed from PBMC by adherence (60 min at 37°C) to plastic tissue culture flasks. Nonadherent cells were fractionated according to their density on discontinuous gradients of Percoll (19) , followed by an additional adherence step on the LGL-enriched fraction to remove residual monocytes. This yielded a substantial enrichment of Leul 1 + cells, from an average of 10% in the unfractionated population, to a range of 30-70% in the enriched population. There were consistently less than 5% monocytes as determined by FACS analysis using the antiLeuM3 mAb. In some experiments the EC monolayers were treated for 4 h with 3 U/well (10 U/ml) of either a-or il-human recombinant interleukin I (IL-l) ( Cold lymphocyte competition. To determine whether the ECbound E-RFC could be competitively displaced, unlabeled E-RFC were coincubated at varying ratios with 51Cr-labeled cells in the binding assay described above. The percent adherence fell sharply with unlabeled E-RFC competition, and continued to fall at a 100 unlabeled to 1 labeled cell ratio (Fig. 3) bound by E-RFC to a similar extent as EC cultured in IgGcontaining medium (Table II) LGL +
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by the panning technique. Basal LeulI + cell-mediated cytotoxicity was 39%. At an unlabeled K562 to 5"Cr-labeled EC ratio of 0.5 to 1, a 92% reduction in cytotoxicity was demonstrated.
To examine whether NK-mediated cytolysis of EC occurred via a nonspecific, Fc receptor-mediated mechanism (antibody dependent cellular cytotoxicity), Leul 1+ cells were utilized as effectors in parallel killing assays performed with targets cultured in human serum and Ig-depleted serum. NK activity against EC was comparable with the two media tested (Table II) . NK targets. There was an enhancement in NK activity of the recovered AL as compared with total E-RFC, and a marked depletion of NK activity in the NAL (Fig. 7) . This was observed with both K562 and EC targets.
Discussion
There is considerable evidence in humans and animals that the endothelium is a critical target in the rejection of vascularized allografts (7, 22 (Table II) .
In contrast to the recent finding that CD4+ T cells bind preferentially to gamma interferon treated, DR+ umbilical vein endothelial cells (25) , there was a marked depletion of CD4+ cells in our adherent cell population. This is not surprising since our EC targets were DR-(data not shown). On the other hand, it is probable that the increased percentage of CD8 cells in the population adherent to EC reflects the preferential binding to EC by CD8+,Leu 1 + NK cells. Leu 1 +, "CD8 dull" lymphocytes have been demonstrated as a small subset in the peripheral blood, which contains the majority of mononuclear cells capable of NK activity (29 (25) . Also, homotypic adhesion of lymphocytes exposed to various stimuli has been demonstrated, with involvement of the LFA-I molecule (26). Thus, accessory molecules clearly play a general role in cellular conjugate formation (23, 24) . However, binding events between autologous cells mediated entirely by accessory molecules may not provide a sufficient stimulus to promote mutual cellular activation, or trigger further immunologic events. Additional studies will be necessary to address this question.
The EC monolayers used in this study were susceptible to NK-mediated cytolysis despite the fact that these cells are neither transformed nor virally infected. This killing did not appear to be mediated by Fc receptors (Table II) (Table IV) . Thus, there were several instances in which a high degree of adherence was associated with poor killing. On the other hand, efficient killing in the presence of inefficient binding was not seen, supporting the concept that adhesion is required but not sufficient to induce cytolysis. As has been shown with other targets (21) , IL-2 enhanced NK mediated cytolysis against all targets tested. However, this lymphokine had no effect on adherence (not shown).
In contrast to the selective binding by Leu 11 + cells to untreated EC, a high percentage of all lymphocyte subsets bound EC which had been precultured in rIL-l. In our view, the lack of specificity of the rIL-l effect does not diminish its potential importance, since such an effect might promote extravascular lymphocyte mobilization in vivo and, thereby, augment an ongoing immune response. Moreover, although NK cells appear to have some capacity to lyse microvascular EC in vitro, such killing does not necessarily contribute to allograft rejection. Rather, binding of EC by NK cells may trigger a specific, HLAdirected cellular immune response, resulting in rejection. NK cells and EC have both been shown to produce IL-1 (39) (40) (41) (42) (43) . Thus, adhesion could promote a mutual activation of both EC and NK cells, with production of IL-1 as well as IFN-'y (44) . Once IFN-y is produced in sufficient quantities and DR antigen is induced on the EC surface, a secondary wave of a classic HLA reactive cellular events could follow, further triggered by the previously documented enhanced binding of T cells to IFN-y exposed EC (1 1, 25) . In this regard, recent studies of a rat renal allograft model reveal an early peak of LGL infiltrating grafts at day 4. By day 6, negligible numbers of LGL are in the graft, and by day 7, T cells accumulate in association with extensive tissue destruction. On the other hand, the possibility remains that EC restricted determinants may be target molecules in acute rejection of vascularized allografts. Further studies will be necessary to define these antigens and their role.
